Introduction
The elastic deformation of lipid bilayer membranes underlies many physiological processes such as enzyme activity modulation by the membrane 1 and mechanosensitive channel activity. 2 Membrane bending also governs the structural shape of vesicles, 3 membrane fusion processes, 4 and membranemembrane interactions. 5 The bending elasticity of membranes can be described by three key parameters: spontaneous curvature (c 0 ), Gaussian modulus (k ), and mean curvature modulus (or bending modulus, k). For a symmetric bilayer, c 0 = 0, and k can be ignored for topologically closed membranes. 6 The bending modulus therefore controls how much energy is required to bend a biomembrane. Accurate measurements of bending modulus are required for understanding the membrane contributions to the energetics of all of the processes in which membrane bending plays a role. Here we demonstrate a high-throughput method for quantitative measurement of bending modulus. Giant unilamellar vesicles (GUVs), spherical structures with diameters in the range of 5-100 mm formed by a single lipid bilayer, represent a common model system for probing membrane mechanical properties. 7, 8 GUVs have also been used to study the lipid raft hypothesis [9] [10] [11] and membrane transport processes. 12, 13 Their large size relative to nanoscale liposomes allows for optical microscopy observations and manipulation of single vesicles. This facilitates a number of approaches to analyzing membrane mechanics.
The commonly implemented mechanical analysis techniques include vesicle fluctuation analysis, 7, 14 electrodeformation, 15 and micropipette aspiration. 8, 16 All operate on a single GUV. Vesicle fluctuation analysis determines the membrane bending modulus from analysis of subtle deformations in vesicle radii due to thermal fluctuations. The two-dimensional surface contours obtained at the equatorial plane of the vesicle are first decomposed into Fourier series. The bending modulus is obtained by fitting the experimentally obtained mean square amplitudes of the fluctuations to the theoretical amplitudes. 14, 17 Electrodeformation subjects GUVs to AC electrical fields, in which they are elongated to ellipsoidal shapes. 18 The degree of deformation is dependent on the field intensity, frequency, medium conductivity, and the mechanical properties of the GUV. The measured apparent membrane area change and applied tension are used to deduce bending modulus values. In micropipette aspiration, suction pressure is applied through a micropipette on the GUV membrane, and the known tensions and measured apparent area changes yield both bending and area expansion modulus measurements. There is variation in the bending modulus measurements obtained by the three primary methods described above, even when applied to the same lipid system. 19 For instance, the methods in which surface tension is applied using an external force (electrodeformation and micropipette aspiration) tend to give smaller k values than vesicle fluctuation analysis. identical ways. 20 Vesicle fluctuation analysis studies on pure 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) by two different groups resulted in different values (31.7 ¡ 1.0 vs. 38.5 ¡ 0.8kT). 21, 22 One shortcoming in the membrane mechanics literature has been a lack of robust statistical data derived from population analyses of ensembles of GUVs. Some studies have relied on measurements from one GUV per lipid composition. 23, 24 Where populations have been studied, most studies have dealt with a small population of less than 10 GUVs. 7, 15, 20 while others analyzed between 10 and 20 GUVs. 25 28 A key advantage of the microfluidic dual-beam optical trap (DBOT)-based optical stretcher we present here is the ability to easily obtain population statistics. We have previously demonstrated the use of this tool to measure the bending modulus of a single GUV. 19 This tool can be used in a high-throughput mode: GUVs are flowed into a microfluidic channel. They are then captured and stretched one at a time in a stress-strain analysis protocol that takes less than 30 s per vesicle. Here, we apply this method to populations of GUVs to extract the bending modulus of membranes comprised of saturated and monounsaturated lipids in gel and liquid phases. We find that bending modulus values depend on lipid phase and are normally distributed for the three populations we tested. Our results also show that the addition of cholesterol to POPC membranes does not alter the bending modulus. This result contradicts reports that show increases in bending rigidity of POPC membranes with increasing cholesterol content. 22, 29 However it is in agreement with the other recent reports that the bending moduli of unsaturated lipid membranes are independent of cholesterol concentration. 25, 30 This technique is a promising route to obtaining statistically relevant bending modulus data for lipid membranes with controlled compositions.
Materials and methods

GUV preparation
1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC), 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), and cholesterol were purchased from Avanti Polar Lipids. Lipid mixtures of various composition were dissolved in chloroform and deposited onto an ITO-coated glass slide (Delta Technologies) for overnight vacuum drying. The resulting lipid film was rehydrated inside an electroformation chamber formed with two ITO-coated slides separated by a 2.5 mm-thick silicone spacer. This chamber was filled with a solution of 500 mM sucrose in 20 mM HEPES buffer at pH 7.0. POPC and DPPC GUVs were formed at room temperature (y23 uC) and 60 uC respectively for 2 h by applying a 1.5 V AC field with a frequency of 10 Hz. The electroformation temperatures were chosen so that the lipids remain in the fluid phase.
To achieve the optical contrast required for GUV optical stretching, sucrose in the solution outside the GUV was replaced by glucose with three two-fold serial dilutions with 500 mM glucose in 20 mM HEPES buffer at pH 7.0, as described previously. 19 The refractive indices, as measured with a refractometer (Atago), of the pure sucrose and glucose solutions were 1.3575 ¡ 0.0003 and 1.3455 ¡ 0.0003 respectively. The refractive index of the diluted GUV suspension was 1.3470 ¡ 0.0003.
Optical stretching
GUVs were flowed through a square glass microcapillary (Polymicro Technologies) that was connected to microfluidic adapters obtained from IDEX Health & Science. A diagram of the DBOT apparatus is shown in Fig. 1a . GUVs (green) in the fluidic channel (gray) assume a spheroidal shape when trapped due to the optical beams from two optical fibers (blue) facing each other. Flow was achieved using a peristaltic pump (P720/10 K) from Instech Laboratories, Inc. As a GUV approached the optical trap site, the flow speed was gradually decreased; flow was stopped completely when the GUV arrived at the trap site using a shut-off valve. The GUVs were visually inspected for defects/bilamellarity and only GUVs with clear surface fluctuations were selected for stretching. Trapping was achieved with minimal optical power (50 mW) from two identical diode lasers (LU0808M200) purchased from Lumics GmbH with optical fibers already end-coupled. The diodes were driven by current controllers (ITC 4005) obtained from Thorlabs. If the GUV was trapped off-center, it was brought to the midpoint of the flow channel, where the two optical beams were equal in power and size, by increasing the optical power from one of the fibers. We have analyzed potential errors arising from imprecise centering of the vesicles, and have found them to be insignificant (see ESI 3 ). Stretching was done by gradually increasing each laser power to 250 mW in 11 steps with a holding time of 1 s at each step. Vesicle eccentricity increased with increasing laser power (Fig. 1b-c) . Videos for each GUV were recorded at 61-67 fps using a GiGe camera from Basler AG.
Physical origin of stretching
To understand why the GUV stretches in a dual-beam trap, first consider the surface force on the GUV due to a single beam. A light ray incident on the front surface is partially reflected and partially transmitted. The surface force is proportional to the momentum change at the surface, Dp
A r , and p A t are the momenta of the incident, reflected, and transmitted rays, respectively. The magnitude of the incident ray p i = n i E/c, where n i is the refractive index outside the GUV, E is the photon energy, and c is the speed of light. For a given direction of incident light, p A r and p A t can be determined using Snell's Law and the Fresnel formulae. Assuming that the interior of the GUV has a refractive index greater than that of the exterior, the force on the front surface is negative and pulls the membrane back towards the beam source. The transmitted ray travels through the GUV to the back surface, where it is again partially reflected and partially transmitted. On the back surface, the force pushes the membrane in the beam direction. When two beams are combined, their contributions to the force add. The net result is that while the total force on the GUV is zero at the center of the trap, the surface forces are non-zero and stretch the GUV along the beam axis. 31 
Data analysis
In the low-tension or fluctuation-dominated regime, the bending modulus (k) of a lipid bilayer membrane is inversely proportional to the slope of apparent area strain versus natural log of membrane lateral tension. 8 During stretching, a GUV goes through axial deformation and assumes a more eccentric ellipsoidal shape. 2D contours of the vesicle boundary in the equatorial plane were traced from each video frame using MATLAB running in-house image processing software. The contours we obtain include surface fluctuations, and each contour from each video frame was decomposed as the radius of an equivalent volume sphere plus a sum of Legendre polynomials (see ESI3). We then use the second Legendre coefficient to get the apparent area strain associated with gross shape change. 25 The area strain values at each power level were recorded for 1 s of video. Since the GUVs included in the analysis reach steady-state deformation after y200 ms (see ESI 3 ), the average area strain was obtained from measurements taken during the final 500 ms of each hold step. The homogeneous lateral surface tension (s h ) was then calculated. After each increase in optical power, the GUV reaches an equilibrium shape with a homogeneous surface tension in the membrane. The pressure difference created inside (Dp) is equal on the equator and the poles of the ellipsoid. There is no applied stress at the poles. We can use the Young-Laplace equation to write
where c 1 and c 2 are the principal curvature values at both the equator and the poles, and T equ is the magnitude of stress exerted on the surface at the equator. We calculated the curvatures from the extracted contours. The optical stress T equ was calculated using ray optics, 32 and an example is shown in Fig. 1d . Note that the surface stress is zero at the poles and the symmetrical discontinuities or spikes in the stress profile around the poles are a result of multiple internal reflections. 33, 34 In our calculation, we included the effects of multiple bounces (up to 5) of each incident ray inside the GUV. For the refractive indices of the interior and exterior of the GUV used in our experiment, the reflection is small (R = 0.002%). We also performed calibration experiments to verify our optical force calculations. In these experiments, a polystyrene bead was pushed across the channel with a single laser beam. 35 Force was measured by assuming terminal velocity was achieved and setting drag force on the bead equal to applied optical force. The drag calculation was corrected for proximity of fluidic channel boundaries 36 and slip boundary conditions. 37 We observed that our theoretical optical force model was consistent with these force measurements. See the ESI3 for a full description of these experiments. After finding the area strain and lateral tension values, we performed linear regression fitting to find k and initial tension (i.e. tension on the membrane at zero applied optical force, s 0 ). The fits with coefficient of determination (R 2 ) less than 0.7 were discarded.
Results and discussion
We first demonstrated that optical stretching is able to measure the difference in bending modulus of lipid mem- branes with different phase states. The bending modulus scales with membrane thickness squared multiplied by the area compressibility modulus (k y h 2 K a ). 38 Gel-phase bilayers are thicker, 39 and the bending modulus of a lipid bilayer in the gel phase is consequentially higher than that of the same membrane in the liquid phase. 40, 41 Under experimental conditions (at room temperature), both pure POPC and POPC with 20 mol% cholesterol are in the liquid phase whereas DPPC with 20 mol% cholesterol is in the gel phase. 42 Fig . 2 presents the dependence of relative area strain on applied tension for two GUV compositions: POPC and DPPC with 20 mol% cholesterol. We fit the formula DA/A = (kT/ 8pk)ln(s h /s 0 ) to data plotted as area strain against induced surface tension. 8 We found s 0 by extrapolating to the tension at zero area strain and k by calculating the slope from the least-squares fit. For the two vesicles shown in Fig. 2 To obtain population statistics, we measured the bending moduli of GUVs fabricated from pure POPC (n = 56), POPC with 20 mol% cholesterol (n = 40), and DPPC with 20 mol% cholesterol (n = 39) respectively. We were unable to produce high yields of pure DPPC GUVs. We fit normal distributions to the data to obtain the following bending modulus means and standard deviations: 8.13 ¡ 2.06kT for POPC vesicles, 8.50 ¡ 1.83kT for POPC with 20% Chol, and 27.24 ¡ 7.69kT for DPPC with 20% Chol. Histograms of the population bending modulus data are shown in Fig. 3 .
We confirmed the normality of the population data using the Kolmogorov-Smirnov test. We then performed the student's t-test to compare the two POPC populations (POPC and POPC-20% Chol). The populations are not significantly different (p . 0.05). This analysis confirmed the indistinguishability of POPC populations with and without cholesterol, in contrast to other published results. 22, 29 Cholesterol is believed to increase k by ordering the acyl chains. Marsh did an extensive comparison of several methods and concluded that cholesterol increases mean bending moduli. 43 However recent reports have argued that the contribution of cholesterol to bending modulus is not universal and unsaturated lipids (particularly 1,2-dioleoyl-sn-glycero-3-phosphocholine, DOPC) are not affected by the addition of cholesterol. 25, 30 Our results agree with these recent reports.
While the values of bending modulus that we have measured here are within the range of literature values, 15 they are near the minimum of this range. This may be due in part to the high concentrations (500 mM) of sugar used in these experiments. Work by Mitov and coworkers has shown that the bending modulus of membranes containing lipids with a single unsaturated tail can decrease significantly at elevated sucrose concentrations up to 400 mM. 44 , 45 Shchelokovskyy and coworkers have also found that sucrose/glucose concentrations in the range of 200 mM can significantly decrease the bending modulus of membranes made from doubly unsaturated lipids. 46 These high sugar concentrations facilitated the relatively high index gradient between vesicle interior and exterior that made trapping and stretching possible.
There are several factors that may influence the width of the distributions shown in Fig. 3 . GUVs made from POPC may be photooxidized when exposed to bright light during microscopy. 47 However, in our optical stretching experiment, the experimental duration for a single GUV was around 30 s, and no fluorescent dye was used, so we do not expect significant photooxidation to occur. The width of the DPPC/cholesterol distribution may also be a result of compositional heterogeneity due to non-uniform cholesterol incorporation during lipid film rehydration, as has been observed previously. 48 We analyzed possible sources of systemic error in this experiment. One potential error source comes from how we calculated vesicle surface area, by fitting the contour shape as an expansion of spherical harmonics. For the data presented in Fig. 3 , only the second Legendre coefficient is used to calculate the area change. When we include the fourth mode, as suggested in by Gracia and coworkers, 25 the bending modulus values tend to decrease by approximately 5%, within the reported error. Including the fourth mode does not decrease the width of the population histograms, indicating that lack of precision in shape fitting is not a major contributor to the width of the observed distributions.
Second, GUVs are trapped at a position slightly below the axis of the optical trap due to gravity. For example, consider a spheroidal GUV with 10 mm equivalent sphere diameter and eccentricity of 0.4. The net gravitational force on the GUV is proportional to the density difference between the solutions on the inside and outside and equals y1.3 pN. The trapping position can be calculated by balancing the gravitational force with the optical gradient force. At the minimum trapping power of 100 mW, the GUV is trapped y2 mm below the optical axis. At a power of 500 mW, the offset decreases to y0.4 mm. The microscope is initially focused on the equatorial plane of the GUV. As the GUV is pulled further upward into the trap, the segment of the vesicle in the focal plane will shift.
To test whether this effect could have a significant impact on the results, we calculated the volume of the GUV at every frame by assuming the captured contour corresponded to the equatorial plane of a spheroidal vesicle and measuring the length of the major and minor axes. If the upward shift of the GUV were significant, it would be expected to result in consistently smaller measured GUV volumes as power increased. This is because the true volume of the GUV (expected to remain constant through this experiment) can be calculated from the true equatorial plane contour measured when the microscope is initially focused at minimum trapping power. Contours corresponding to other GUV cross-sections would result in a smaller calculated volume. A significant shift of the vesicle along the optical axis would therefore result in an apparent (and purely artifactual) decrease in volume. In fact, in no experiment did the average calculated volume change exceed 1%, and there was no relationship between volume and power.
Finally, we performed a set of experiments to test whether the GUV stretching system exhibits hysteresis. The optical power was ramped up and down between minimum and maximum trapping power. The bending modulus was obtained both as the vesicle dilated and contracted. Fig. 4 shows two examples of time-dependent area strain and extracted area strain vs. surface tension, for pure POPC (Fig. 4a) and DPPC-20%Chol (Fig. 4b) . For this POPC vesicle, the bending modulus values obtained from the two slopes gave 6.52 ¡ 0.32kT for ramp-up and 6.58 ¡ 0.35kT for rampdown. For this DPPC-20%Chol vesicle, we obtained 27.47 ¡ 3.29kT for ramp-up and 28.04 ¡ 2.25kT for ramp-up and rampdown. In all cases tested, the change in measured bending modulus for the two different deformation directions is within error.
It is well known that electroformation produces GUVs with highly variable s 0 . 49 The breadth of the k distributions may be the result of significant structural differences between the various GUVs. Helfrich has argued that microscale membrane ''superstructures'' could induce unusual tension behavior, 50 and so-called ''hidden reservoirs'' of lipids in GUVs have been found to cause variability in other optical-force experiments. 51 Variability could be reduced by developing a GUV fabrication method that allows for better tension state control than electroformation or by implementing an objective and automatable set of criteria for selecting vesicles restricted to a limited range of initial tensions.
Conclusions
In conclusion, we have used optical stretching in a microfluidic DBOT system to investigate the elastic bending modulus of populations of GUVs composed of POPC, POPC with 20% Chol, and DPPC with 20% Chol. While the exact bending moduli measured here are particular to the aqueous solution conditions used (particularly ionic strength and sugar concentration), this approach provides a useful means for comparing mechanical properties across various lipid compositions at the same solution conditions. The difference in bending modulus between liquid and gel-phase GUVs is unambiguous; gel-phase GUVs are significantly stiffer. The bending elastic modulus of the membrane composed of the monounsaturated phospholipid (POPC) is insensitive to Chol at concentrations up to 20%. This technique is a simple and powerful approach to the measurement of membrane bending properties. It has the potential to be widely deployed in efforts to understand relationships between membrane composition and membrane mechanics.
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